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The unbinding transition of a stack of membranes has been the subject of many theoretical investigations [3] [4] [5] [6] . They predict this transition to be continuous. However, scaling arguments indicate that the temperature range over which the divergence in d can be seen is inversely proportional to the number of bilayers in the stack [6] . Therefore, in a typical experimental situation with hundreds of bilayers in the stack, the critical region is expected to be so narrow that the transition would appear discontinuous.
The first experimental observation of an unbinding transition was reported by Mutz and Helfrich [7] . Their phase contrast optical microscopy studies on digalactosyldiacylglycerol (DGDG) multilamellar vesicles (MLVs) showed that the positional correlations of the bilayers in an MLV were lost on heating. More recently, Vogel et al. [8] reported x-ray reflectivity studies of oriented bilayer stacks made up of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as a function of temperature. Above a certain temperature, the scattered intensity from both systems was found to abruptly drop to that expected from a single bilayer adsorbed on the substrate. Vogel et al. associated this temperature with the unbinding transition.
Moreover, from the analysis of the diffuse scattering, they were able to estimate the moduli of compression (B) and curvature (K) of the bilayer stack. In the case of POPC, they found B to decrease by an order of magnitude and K to decrease by about 30% as the temperature was varied from 10 to 80 ± C. However, since they did not observe an increase in d, expected from such a decrease in the elastic moduli, they concluded that steric repulsion was not responsible for the unbinding.
In order to reconcile the reduction in the elastic moduli with the absence of swelling, Vogel et al. [8] invoked the possibility that the compressibility modulus B is determined, at least partly, by parameters such as the static defect density in the system. The speculative nature of their conclusions, and the fact that swelling of bilayers with increasing temperature has been previously reported in unoriented samples [9, 10] , prompted us to carry out detailed neutron diffraction experiments on both oriented and powder samples of POPC and DMPC.
One of the clear advantages in using neutrons, compared to x-rays, is that we are not limited by the volume of water that can be used to hydrate the sample, as both the sample cell and the substrate are transparent to neutrons. Further, the size of the incident neutron beam is much larger, so that the entire sample, of the order of a few cm 2 in area, contributes to the scattered intensity. We find that the stacking periodicity d of both systems studied shows a significant increase at high temperatures. Since the only longrange repulsive interbilayer interaction in these systems is of steric origin, this increase in d must result from increased bilayer flexibility. The observed enhancement of steric repulsion at high temperatures supports the conjecture that thermal unbinding of the membrane stack is driven by steric repulsion, contrary to the conclusion of Vogel et al. [8] . We also find that oriented bilayers are not suitable for studying the unbinding transition due to the continuous peeling off of bilayers from the stack.
POPC and DMPC were obtained from Avanti Polar Lipids (Birmingham, Alabama) and were used without further purification. Polyvinylpyrrolidone (PVP) of average 128101-1 0031-9007͞02͞ 88 (12)͞128101 (4) (Fig. 1) . The entire aligned sample was covered by a 6.5 mm thick water layer, thus ensuring full hydration. We have also studied an unoriented sample made up of POPC MLVs (20 wt %) in order to compare the results with those obtained from oriented samples [11] . The experiments were carried out at the NRU reactor, Chalk River Laboratories, using the N5 triple-axis spectrometer, which has a flux of about 5. 
O. The time taken for the sample to achieve full hydration (i.e., maximal d) was found to be of the order of 10 h. Thus, all the samples were initially equilibrated for about 10 h before starting the measurements. For each subsequent change in temperature, the sample was equilibrated for 30 min.
The observed variation of d with temperature in POPC multibilayers is given in Fig. 2 . This figure shows data from three different samples; two on silicon substrates and the third on mica. Clearly, all the samples exhibit the same behavior. The last point in each data set corresponds to the highest accessible temperature, beyond which the diffraction signal was lost. In the oriented sample of POPC studied by Vogel et al. [8] , the signal was lost at about 80 ± C. The fact that we are able to go to much higher temperatures points to the possibility that the loss of signal in their experiments was not due to the thermal unbinding of the membrane stack. The initial decrease in d with temperature has been the subject of many recent studies [9, 12] , and is believed to be the result of both the thinning of the bilayer and the water layer. Our data on highly aligned DMPC samples also show the same trend (data not shown). The observed increase in d at higher temperatures is similar to that found in DMPC MLVs [9] . These results are very different from those of Vogel et al. [8] , who observe a monotonic increase in d of about 1 Å as the temperature was varied from 10 to 80 ± C. As both POPC and DMPC are zwitterionic, the only long-range repulsive interbilayer interaction present is steric repulsion. The increase in d at high temperatures, therefore, indicates a reduction in the rigidity modulus k ( Kd) of the bilayers, leading to more pronounced thermal fluctuations and resulting in a stronger steric repulsion between the bilayers. In order to estimate the temperature dependence of the bulk modulus for compression B, we have measured d as a function of temperature in POPC under an osmotic pressure P, which was applied by keeping the bilayer stack in contact with a PVP solution in D 2 O. The results are shown in Fig. 3 . The application of an osmotic pressure leads to a larger decrease in d at higher temperatures, compared to the nonstressed system at P 0, indicating a decrease in the compressibility modulus B with temperature. Figure 3 also shows that the temperature at which the Bragg peak disappears increases with P. This dependence of d on P implies roughly a 50% decrease in B across the temperature range studied [13] . Note that the decrease of K and B with increasing temperature observed by us is similar to the trend reported by Vogel et al. [8] , though our rough estimate of the change in B is, in comparison, much lower. However, the important point to note is that, in all of our samples, regardless of the type of substrate or lipid used, we observe a significant swelling of the bilayers at high temperatures consistent with the reduction in the elastic moduli, whereas Vogel et al. do not. It was this lack of swelling that led them to conclude that thermal unbinding of the membrane stack is not driven by steric repulsion. The fact that they obtained a lower unbinding transition temperature for POPC (80 ± C) compared to DMPC (95 ± C), even though k of POPC bilayers is larger by almost a factor of 2 [14] , seemed to support this conclusion. However, as will be discussed below, one has to be careful in attributing the sudden disappearance of the Bragg peak to the unbinding transition.
In some of our samples, we found abrupt drops in the intensity of the quasi-Bragg peak as the temperature was raised. In different samples it occurred to different degrees and at different temperatures. Even at a fixed tem- FIG. 3 . The variation of the lamellar periodicity of POPC with temperature under osmotic pressure, P. The three curves correspond to P 0 (1), 0.4 atm (≤), and 2.2 atm (᭝), respectively. B was estimated from ≠P͞≠d using the data at P 0 and P 0.4 atm. perature, the intensity was found to decrease with time. A typical plot is shown in Fig. 4 . There is a continuous decrease in the intensity with time. The rate of decrease is found to be larger at higher temperatures. This decrease in the scattered intensity is undoubtedly due to a gradual loss of sample from the substrate into water. However, it is not clear if the layers are peeling off one by one or in bunches. The fact that the scattered intensity often decreased abruptly by significant amounts points to the possibility that at least in some cases bunches of bilayers get dislodged from the substrate. A similar behavior has been reported by Hartung et al. [15] in POPC. They also found a gradual decay of the scattered intensity with time at a fixed temperature of 25 ± C, with the decay rate varying significantly from sample to sample. The patches of the sample dislodged from the substrate can be expected to form MLVs (and ULVs in the case of free bilayers) in the water surrounding the sample. The contribution of these MLVs to the intensity of the Bragg peak would be negligible as they make up an unoriented sample of extremely low concentration [16] . Therefore, if the entire scattering volume of the sample were to get detached from the substrate, the diffraction peak would abruptly disappear. It is impossible to differentiate this situation from a true unbinding transition, if the latter is as sharp as predicted. The problem of the sample dislodging from the substrate is accentuated when using a fine beam, as in the case of x-ray reflectivity studies.
In order to further confirm the importance of sample loss, we have studied a thin oriented sample made with are also presented for comparison. The ≤'s correspond to data from MLVs obtained using x-rays [10] . In the case of MLVs, the larger error bars are the result of asymmetric quasi-Bragg peaks, due to the superposition of Debye-Scherrer rings from a line source of neutrons, and poorer signal/noise. The instrumental resolution was the same for both MLV and aligned samples.
but also arises from the detachment of the sample from the substrate. On the other hand, in the case of an unoriented sample consisting of MLVs, the decrease in the scattered intensity results either from the formation of ULVs or from the loss of positional correlations of the bilayers within the MLVs. Hence, in this case, the disappearance of the Bragg peak is a true signature of the unbinding transition.
In Fig. 4 we show the results from an unoriented sample consisting of POPC MLVs, containing 20 wt % of the lipid. The integrated intensity of the Bragg peak, at a fixed temperature, did not show any significant decay with time. Moreover, there was also no apparent decay of the intensity with temperature, implying that almost all the bilayers were still in the bound state even up to a temperature of 115 ± C. The temperature dependence of d obtained is shown in Fig. 5 . In comparison to oriented samples, we are able to go to higher temperatures (as high as permitted by our setup) and, hence, see a larger increase in d, consistent with the trend exhibited by the aligned samples (Fig. 2) . This result then further confirms that the abrupt drop in the scattered intensity seen in oriented samples is not the result of an unbinding transition, but is due to the dislodging of patches of the sample from the substrate. It is very likely that a similar loss of sample occurred in the systems studied by Vogel et al. [8] . In fact, Fig. 5 of [8] shows a small peak at q ഠ 0.1 Å 21 , which is not accounted for by the scattering from a single bilayer on the substrate. This points to the presence of a thin stack on the substrate, consisting of a few bilayers. Therefore, in all probability, the sudden drop in the scattered intensity observed by Vogel et al. was not the result of an unbinding transition.
